The mechanical properties such as hardness and ultimate tensile strength of metals depend on the grain size, which have to be properly controlled and optimized to ensure the better economy and desirable mechanical characteristics of the metals. In order to study the microstructure evolution of AA1070, many experimental tests were conducted at different cold working and annealing conditions. Utilizing the experimental results, the static recrystallization and grain growth behavior of AA1070 have been investigated and the developed equations that can be used to the FEM of the annealing process have been obtained. The agreement between numerical modeling and experimental results is reasonably good for this material. The results showed that the recrystallization and grain growth behavior of AA1070 was evidently affected by both the annealing temperature and plastic strain.
Introduction
The advantages of pure aluminum make it particularly appropriate for intricate forming processes by virtue of its high ductility and the ideal ratio of Young's modulus to mass density especially as the grain size is reduced [1] .
Many important mechanical properties of materials, including yield strength, hardness and toughness can be improved by refining the grain size. Cold working (CW) and then annealing at recrystallization temperatures are the fundamental phenomena of microstructure evolution in the processing of engineering materials such as alu-minum alloys for achieving to desirable grain size. When a new grain is nucleated during processing (as in annealing after cold working), the atoms within each growing grain, are lined up in a specific pattern that depends upon the crystal structure of the metal or alloy. With growth, each grain will eventually impinge on others and form an interface where the atomic orientations are different. Therefore, processing conditions must be carefully controlled to obtain the desired grain size and microstructure and to avoid the undesirable or abnormal grain growth. The free energy of a crystalline material is raised during deformation by the presence of dislocations and interfaces and a material containing these defects is thermodynamically unstable. If the material is subsequently heated to a high temperature (annealed) thermally activated processes such as solid state diffusion provide mechanisms whereby the defects may be removed or alternatively arranged in configurations of lower energy [2] . On annealing a cold deformed metal at an elevated temperature, the microstructure and also the mechanical properties may be partially or completely restored by recovery (in which rearrangement of the dislocations occurs) or recrystallization (in which new dislocation-free grains are formed within the deformed material) respectively. Further annealing may result in grain growth, in which the smaller grains are eliminated, the larger grains grow, and the grain boundaries assume a lower energy configuration.
In the common case of deformation at ambient temperature almost all of the stored energy is derived from the accumulation of dislocations and the essential difference between the deformed and the annealed states lies in the dislocation content and arrangement. In aluminum alloys, especially in alloys not hardened by precipitates, the most important transformation process, resulting in specific microstructures determining material strength and formability, is recrystallization [3] - [7] .
Lin et al. [8] proposed the kinetic equations to predict the static recrystallization behaviors of hot deformed 42CrMo steel. Takaki and Tomita [9] simulated the plastic deformation of the polycrystalline metal by the finite element method based on crystal plasticity theory and the microstructure evolution during recrystallization by the multi-phase-field method. Toloui and Serajzadeh [10] investigated the subsequent microstructural changes after hot deformation by employed the additivity rule and Avrami type equation to predict the kinetics of static recrystallization. Much research has been carried out to predict the microstructural evolution with the use of artificial neural network (ANN) and FEM [11] - [17] . Lin et al. [11] have studied the effects of the deformation temperature, strain rate and amount of deformation, as well as initial grain sizes, on the static recrystallization behaviors by using the experiments and ANN model. Previous study of the microstructural evolution of aluminum alloys have involved isothermal static recrystallization by means of quantitative microscopy [17] , the recrystallization kinetics of a 90% cold-rolled AA1050 by use of 3-dimensional X-ray diffraction microscopy [18] [19]. Nielsen et al. [20] measured the growth of individual grains in aluminium alloy of AA5182 in situ during a recrystallization heat treatment. Kim et al. [21] studied grain growth in aluminium alloy samples with two different recrystallization textures. The modeling and simulation of aluminium alloys during extrusion processes was carried out by Parvizian et al. [22] . They considered a number of aspects of the structural simulation as well as that of extrusion as a thermomechanical process.
In this investigation, the static recrystallization and grain growth behavior of cold-worked commercial purity aluminium has been studied by using experimental and numerical results at various isothermal annealing conditions. The influence of different parameters such as temperature and holding time of isothermal annealing and amount of the cold work performed, on the microstructure evolution have been investigated. The main attention of this paper is concentrated on development of recrystallization and grain growth equations and consequently predicting and controlling the material microstructural behavior especially grain size at different processing conditions.
Recrystallization and Grain Growth
Recrystallization and grain growth are the main phenomena occurring during annealing. The driving force for both recovery and recrystallization can be obtained by increasing of dislocation density and the stored energy of cold-work. Whereas the microstructure still contains grain boundaries that are thermodynamically unstable, although recrystallization removes the dislocations. If the new dislocation-free grains are heated at a temperature greater or for holding time more than which required to cause recrystallization, there will be a progressive increase in grain size. Therefore further annealing may result in grain growth, in which the smaller grains are eliminated, and amount of the grain boundary decreases so the grain boundaries take a lower energy configuration [23] [24] . Recrystallization and grain growth, which studied in this investigation, are softening mechanisms that alter the microstructure without necessarily altering the phase.
Kinetics of Static Recrystallization (SRX)
The main variables that influence SRX behaviour are initial grain size ( ) 0 d , composition and impurities, pre cold-worked values ( ) ε , especially temperature ( ) T , holding time ( ) t , the cold working method (compression, rolling, drawing, etc.), and amount of recovery prior to the start of SRX (which depend on stacking fault energy of material). The temperature at which recrystallization occurs depends on other mentioned parameters such as chemical composition, initial grain size, strain, the holding time of annealing, etc.
The theoretical model that based on a modified form of the classic Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation has been used for obtaining recrystallized volume fraction (Equation (1)) [25] .
where V X represents the static recrystallized volume fraction achieved at the annealing temperature, t is annealing time, k is the Avrami exponent and 0. 5 t is the time corresponding to a 50% static recrystallized volume fraction that mathematically expressed as Equation (2).
In this equation, 0 d is the initial grain size before starting of static recrystallization, ε and ε are applied strain and strain rate during cold working respectively, Ta is the annealing temperature, QSRX is the activation energy of SRX, R is the universal gas constant (8.3144 J•mol
), A , h , n and m are material constants. The statically recrystallized grain size is expressed as a function of initial grain size, strain, strain rate, and annealing temperature ( ) a T using Equation (3).
where, 2 A , 2 h , 2 n and 2 m are material constants. The recrystallization evolution can be measured by several methods, such as calorimetry, measurements of density, electrical resistivity, hardness and proof stress. However, the structural changes expressed in the property changes are often small and difficult to measure. So, the polarized light microscopy (PLM) is an essential and accurate method for the investigation of the recrystallization of aluminum alloys [26] .
Grain Growth
When primary recrystallization is complete the structure is not yet stable, and further growth of the recrystallized grains may occur if the high temperature is maintained. The driving force for this is a reduction in the surface energy which is stored in the material in the form of grain boundaries. During the normal grain growth, curved boundaries migrate frequently towards the centers of curvature; therefore the relative large grains will grow up by means of consuming the small neighboring grains. But the growing grains could be consumed either if they have touched a larger grain. If it holds that the rate of growth is proportional to the driving force and that the driving force is proportional to the total amount of grain boundary energy, then it can be shown that the holding time t required to reach a given grain size is approximated by Equation (4).
where gg d is the final grain size after holding time of t , 0 g d is the initial grain size, g a and g m are materials constant, T the absolute temperature and g Q is activation energy for boundary mobility.
Materials and Experimental Procedure

Material and Sample Preparation
The chemical composition of the commercial pure aluminum (AA1070) employed in this work is given in Table  1 . The rod samples with diameter of 16 mm were hot extruded of the initial samples of AA1070. 
Cold Working Conditions
The investigations show that the prior deformation applied to the material must be adequate to provide nuclei and sufficient stored energy to drive their growth. So a critical deformation (cold working) required for the beginning of recrystallization. Therefore pre-cold-worked values are other important parameters that influence the recrystallization and grain growth behaviors of metals. In this study, as shown in Table 2 , the hot extruded samples have been cold drawn for different values of reduction consisting of 23.44%, 43.75%, 60.94% and 75%. Cylindrical samples with the height to diameter ratio of 1.5 were machined out of the drawn bars with the longitude axis parallel to the drawing direction. Average linear grain intercept lengths technique was used for grain size determination of annealed samples. They electrolytically anodizes using combination of Barker's reagent and HF (4 ml HBF4 + 0.5 ml HF and 200 ml H 2 O) with applying of direct electrical current of 20 V for 70 s. This technique is mainly issued for the study of the initial stages of recovery and recrystallization [27] . Figure 1 shows the microstructure of hot extruded sample of AA1070 before cold working. Whereas, Figure  2 shows the microstructures of cold drawn AA1070 with different degrees of cold drawing at 23.44%, 43.75%, 60.94% and 75%, respectively. As it is clear from Figures 2(a)-(d) , with increase in the percentage of cold deformation, the grains become more elongated in the drawing direction.
Annealing Conditions
Annealing heat treatment was used to SRX and grain growth evolution. Investigations indicate that temperature has the most significant effect on the recrystallization and grain growth. In this investigation, annealing temperatures of 350˚C, 450˚C and 600˚C in different ranges of holding time have been studied. Microstructural observations of PLM can be applied to determine necessary temperature and holding time for recrystallization and grain growth.
Finite Element Simulation
In this way, a cold drawing model has been constructed to simulate a single pass of the cold rod drawing process for the AA1070 using the commercial FE software package, DEFORM TM . Figure 3 shows strain distribution and mesh distortion during cold drawing of AA1070 for a reduction of 70% and initial diameter of the rod of 16 mm. As it is clear, the strain distribution in the various regions of the rod is not uniform and strain variations of the surface region are more than of the central regions, and the maximum value of strain (1.6) will occur in the surface region of rod.
Results and Discussion
Static Recrystallization
The investigations show that annealing temperatures under 320˚C do not have sensible holding time for recrystallization; therefore theses temperatures cannot be a proper recrystallization temperature for this material. So the recrystallization temperature is higher than 320˚C for this material and in this condition of cold drawing. The experimental results and observations of PLM show that the SRX volume fraction has been increased by increasing of holding time at each temperature that is over than 320˚C. For example, Figures 4(a)-(d) show the different volume fraction of SRX ( ) % V X of the cold drawn AA1070 (Ra = 75%) at annealing temperature of 450˚C for different holding time from 120 sec to 360 sec, respectively. Experimental results also show that coarse grains can form during recrystallization if the degree of cold work is near the critical value, and grain size decreases with increasing of cold work values.
As it is expected, the amount of 0.5 t decreases with increase of annealing temperature. By rearranging Equation (2) it could be rewritten as follows: T into the Equation (6) gives the relationship between the required holding time for recrystallization of 50% and annealing temperature, as shown in Figure 5 . With considering that the annealing process is carried out at constant value of reduction ( ) ε , the partial differentiation of Equation (6) yields the following equation:
The values of SRX Q can be obtained from the slope of every single line in the Following the same procedure, the strain exponent ( ) n which defines the dependence of 0.5 t on the variation of effective strain was obtained. Equation (5) could be written as: 
Hence, the values of n can be obtained from the slope of every single line in the 0.5 ln ln t ε − plots by linear fit method. The value of n can be obtained for different values of cold deformation reduction by linear fitting method, and the average of n value was found to be −0.607 (Figure 6) .
With regard to the initial deformation isn't at high temperature, so the effect of strain rate is relatively insignificant; and the strain rate exponent ( ) m takes a commonly reported value of −0.01. After obtaining the other constants, the average value of A-coefficient is determined as 0.01 from the experimental results. The different value of Avrami exponent (in Equation (1)) at three different temperatures and three different cold work reductions are demonstrated in Figure 7 .
In order to verify the accuracy of developed equation of SRX of AA1070 at annealing conditions, a comparison between the experimental and predicted results was carried out as shown in Figure 8 and Figure 9 . It could be observed that the predicted SRX value from the developed equation could track the experimental data throughout the entire annealing time range and for different reductions and annealing temperatures. As it is clear, the volume fraction of SRX depends on the amount of applied cold work as a higher amount of cold work translates to a lower time of full recrystallization.
Grain Growth
The material constants of grain growth equation (Equation (4)) that obtained by experimental results have been presented in Table 3 for AA1070. So Equation (4) can be used for computing of grain size of the recrystallized AA1070. As it is clear from Figure 10 , the predicted grain size from this equation could track the experimental data throughout the entire holding time range and there are good agreements between the results of the predicated and experimental data.
The results show that the final grain size increases with increasing of the holding time and strongly annealing temperature. Moreover, it is observed in this Figure 10 that the essential grain growth is concentrated in the beginning of holding time, and grain growth rate gradually decreases with increasing of holding time. In the other word, with increasing of holding time from a particular value, the grain size will not sensibly increase. Also, it is clear that grain size increases by increased cold work reduction at the specific holding time and temperature. Figure 11 demonstrates the effects of holding time on grain growth and grain size of AA1070 at annealing temperature of 550˚C, with initial cold deformation of 60.94%. As it is clear, the average grain size increases from 70 to 180 μm with increasing holding time from 15 min to 120 min, respectively.
Numerical Results and Experimental Validation
The developed equations of recrystallization and grain growth were employed in finite element analysis. Using FEM computations, volume fraction of SRX and grain growth evolution were predicted. For this purpose, the effects of various processing parameters were considered and the annealing conditions were simulated. Simulation of the cold drawing process at a different initial cold work (reduction of 75%), for which the experimental results were not used in order to derive the equations for recrystallization and grain growth, can be useful for validation of simulation model and applied equations. Figure 12 shows FEM results of volume fraction of SRX at annealing temperature of 450˚C of cold drawn AA1070 (reduction of 70%) after holding time of 160 sec. The simulation results of grain size resulted of grain growth at different holding time of 900 sec to 7200 sec has been displayed in Figure 13 . As it is clear from this figure, the grain size value is increased when holding time is increased during grain growth.
In order to estimate the reliability of this FE model, a comparison was made between the time for 50% static recrystallization predicted by simulations and the experimental results data of the cold drawn (Ra = 75%) of AA1070.
It is clear from Figure 14 that the results of time for 50% SRX of the experimental data and simulation have proper accordance by varying annealing temperature. As can be seen, the difference between simulation and experimental results are 2.42%, 5.08% and 9.2% for 350˚C, 450˚C and 600˚C, respectively. Finally, it can be claimed that the developed equations of recrystallization and grain growth can be used to numerically simulate the annealing process of AA1070 aluminum alloy and can be used to analyze the problems during recrystallization process.
Conclusions
In this study, microstructural variation of cold-worked AA1070 aluminum alloy was predicated during annealing by isothermal heat treatment over wide ranges of temperatures and holding time. Following are the conclusions:  The earlier cold deformation applied to the material must be adequate to provide nuclei and sufficient stored energy to drive their growth. So a critical deformation (cold working) is required for the beginning of recrystallization.  The results show that temperature has significant influence on the recrystallization and there is a critical value of temperature for initiation of recrystallization that depends on the amount of cold work, as a higher amount of cold work translates to a lower temperature of recrystallization.  The developed equations were found to predict recrystallization and grain growth precisely at all of the annealing temperature range, holding time and cold deformation amount. Finally, the results of simulations show that the developed equations give a precise estimate for the recrystallization and grain growth and can be used to numerically simulate the annealing process of cold-worked AA1070 aluminum alloy. So, these developed equations and simulation finite element models can accurately predicate the microstructural variation of cold-worked pure aluminum during annealing process.
